The intracellular state of Marek's disease virus (MDV) DNA was investigated in two permanent chicken cell lines: HPRS-I and MSB-I. The HPRS-I line was established from an ovarian lymphoma of a chicken with Marek's disease and is a virus-non-productive line, while the MSB-I line originates from another animal with a Marek's disease splenic lymphoma and is a low producer line. By repeated isopycnic centrifugation in CsC1, MDV DNA in the HPRS-I line showed properties of integrated DNA, whereas in cells of the productive MSB-I line both integrated and free virus DNA appeared to be present. Under denaturing conditions (o-I M-NaOH) the virus DNA remained associated with the cellular DNA as revealed by equilibrium centrifugation in CsC1 and hybridization of the DNA in each single fraction with 32P-labelled complementary RNA transcribed from the DNA of the GA strain of MDV. Shearing of HPRS-I DNA to a tool. wt. of about 8 x IO ~ released only part of the virus DNA to the density of free virus DNA, while a large proportion of MDV DNA could still be localized at the density of cellular DNA. Sedimentation velocity experiments with HPRS-I and MSB-I DNA originally fractionated on CsC1 gradients revealed integrated virus DNA sequences in both cell lines and an additional peak of virus DNA at the position of free linear MDV DNA in the MSB-I line. No fast-sedimenting virus DNA molecules with properties of covalently closed circular structures could be detected. Further evidence for the presence of integrated virus DNA sequences in MDV-transformed cells was provided by the Hirt (1967) precipitation procedure.
INTRODUCTION
The oncogenic potential of herpesviruses was first discovered in ~967, when evidence was provided (Churchill & Biggs, 1967; Solomon et al. 1968 ) that a member of the herpesvirus group, Marek's disease virus (MDV), causes a malignant lymphoma of the chicken, Marek's disease (MD). Many studies were undertaken to clarify the aetiological role of this virus and to control this economically important disease. Vaccination by an apathogenic or attenuated strain of MDV or by the herpesvirus of the turkey (HVT) has turned out to be very efficient in eradicating this lymphoma and is nowadays routinely done in chickens on their first day of life (Biggs, I975) . Although MD was the first malignant disease which could be prevented by vaccination, the mechanism of protection is still unclear (Powell & Rowell, 1977) .
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Even less is known of the molecular basis of tumour induction. Nazerian et al. (1973) first described the presence of several copies of MDV genome equivalents per cell in MD tumour biopsies. In 1973, workers succeeded in establishing permanent MD cell lines (Akiyama & Kato, I973) facilitating studies on virus-tumour cell relationships. Recently, Tanaka et al. (1978) presented biochemical evidence for circularization of non-integrated MDV DNA in the permanent non-productive MD cell line, MKT-I, which was established from a kidney tumour of a MD chicken. We have investigated the intracellular state of MDV DNA in two other permanent MD cell lines, the HPRS-I and the MSB-i line. The non-productive HPRS-I line was established from an ovarian lymphoma by Powell et al. (1974) and contains about eight virus genome equivalents per cell, whereas the lowproducer MSB-1 line was cultivated from a splenic lymphoma by Akiyama & Kato 0973) and bears a virus load of about 60 to t3o genome equivalents per cell depending on the passage number (Lee et al. 1975 )-By repeated isopycnic centrifugation in CsC1, alkaline CsC1 gradients, shear treatment of the DNA prior to equilibrium centrifugation, sedimentation velocity experiments and the Hirt precipitation procedure, evidence was provided that most, if not all MDV DNA in the HPRS-I line is present in integrated form, whereas the MSB-I line contains integrated virus DNA as well as free virus DNA. Covalently closed, circular MDV DNA molecules could not be detected in these two cell lines.
METHODS
Reagents. Methyl-3H-thymidine (48 Ci/mmol) was purchased from Amersham Buchler and c~-32P-CTP (> too Ci/mmol) from NEN Chemicals. Nucleoside triphosphates, yeast tRNA, pancreatic DNase (RNase free) and RNase were obtained from Boehringer Mannheim GmbH. CsCI (suprapure) and D20 (Uvasol) were purchased from Merck, dithiothreitol (DTT), salmon sperm DNA and pronase from Calbiochem. Pronase was preincubated as a I'o % (w/v) solution in o'o5 M-tris-HC1, pH 7"5 for z h at 37 °C before use. Escherichia coli RNA polymerase containing sigma factor was a generous gift of Prof W. Zillig. Membrane filters (Selectron-Filter BA 85) were purchased from Schleicher and Schuell.
Cell lines. The MSB-I line (Akiyama & Kato, 1973) was kindly provided by Dr Shiro Kato, and the HPRS-I line by Dr P. C. Powell (Powell et al. I974) . The cells were grown at 41 °C in suspension culture in RPMI 164o medium supplemented with 2oo units of penicillin/ml, 2o0 #g streptomycin/ml, zoo units moronal/ml, and I o % foetal calf serum. They were fed and split to a concentration of 2 x Io 5 cetls/ml twice a week.
Cells and media. Primary cultures of chicken embryo fibroblasts (CEF) were prepared from specific pathogen-free eggs as described (Solomon et al. I968) . The cells were grown in TC-I99 medium supplemented with 7 % bovine serum, Io% tryptose phosphate broth, zoo/~g streptomycin/ml, 2o0 units penicillin/ml and 2oo units moronal/ml. For labelling of virus DNA with methyl-3H-thymidine (48 Ci/mmol), TC-I99 medium free of thymidine was used. Cells were also labelled 24 h p.i. with zo/zCi of methyl-3H-thymidine/ml of medium.
Virus growth, virus purification and extraction of the DNA from virions and infected cells.
The GA strain of MDV was propagated by co-cultivation of fresh and GA-infected CEF. For the transcription of virus DNA into a complementary RNA it was essential to purify the virus from the supernatant of infected CEF cultures to avoid contamination of the virus DNA with CEF DNA. After the supernatants of infected CEF cultures were freed from cellular debris by a low speed centrifugation, the virus was pelleted from the supernatant by a 9o rain centrifugation at 190oo rev/min in the type t9 rotor. The next steps of virus purification and the extraction of the virus DNA have been described in detail (Kaschka-Dierich et aL 1979) . Briefly, virus pellets from about 2oo ml of cell-free super-natants, were treated with DNase to destroy contaminating cellular DNA and were further purified on a 36 ml sucrose gradient. Sucrose was made heavy by dissolving it in D._,O. Thus the procedure is an isopycnic banding rather than a sedimentation. Purified virus was lysed by a 3 % sarcosyl solution and was treated with pronase. The released virus DNA was centrifuged at least once to equilibrium in CsC1, exhibiting the described density of 1.7o6 g/ml (Lee et al. 197I) . The yield of virus DNA was about 8 #g of DNA per litre of supernatant. DNA from infected cells was extracted according to Marmur (t96Q. Preparation of complementary RNA and hybridization procedures. These techniques have been described in detail (Lindahl et al. 1976 ). The cRNA preparation was shown to contain sequences complementary to most or all MDV DNA sequences (Kaschka-Dierich et al.
I979).
Preparation of high mol. wt. DNA from MD cell lines and conditions of gradient eentrifugation. These techniques are essentially those described previously for cells infected with the Epstein-Barr virus in a latent fashion (Lindahl et al. I976) . Briefly, cells were only used for DNA extraction when more than 8o % of them were living as judged by the trypan blue exclusion test. They were washed twice in PBS without Ca 2~ and Mg ~ and were suspended in this buffer at a concentration of Io 7 cells/ml. Addition of one half vol. of a 3 % sarcosyl solution containing 75 mM-tris-HCl, pH 9"0, and 25 mM-EDTA released the DNA from the cells. The highly viscous solution was handled with extreme care to avoid shearing of the DNA. After a 3o rain incubation at room temperature o.I vol. of a 1%
pre-incubated Pronase solution containing o'o5 M-tris-HC1, pH 7"5 was added, and the mixture was incubated at 37 °C for 2 h. The DNA solution was then diluted with 3 vol. of o'o5 M-tris-HC1, pH 8-o and was gently mixed. Solid CsCI was added to a density of about I'71o g/ml. Samples (t9 ml) overlaid with paraffin oil were centrifuged to equilibrium in the type 6o Ti rotor at 33ooo.rev/min and 2o °C for 6o h. Gradients were harvested in o'4 ml fractions from the bottom of the tubes. The distribution of the total DNA was determined by reading the absorbance at 260 nm and that of the virus DNA by hybridization of the DNA in each single fraction to MDV-specific 32P-cRNA. In all of these experiments the DNA in each fraction was supplemented with graded amounts of salmon sperm DNA to a final total amount of ~o/zg DNA in all fractions. In some control experiments o'3 to o'4 #g of in-tissue culture labelled 3H-MDV DNA (4 × Io4 ct/min/#g) prepared as described above were added, and the distribution of the free virus DNA was determined by measuring the 3H label in a sample of each fraction.
In re-banding experiments fractions underneath the cellular DNA peak were combined and centrifuged to equilibrium under the conditions described above.
In one experiment the tool. wt. of the DNA was reduced (to about 8 to Io × to 6) by shear treatment. The neutral CsCI solution of the high tool. wt. DNA was passed 12 times through a 21-G i½ syringe needle in the cold.
Alkaline CsCI gradients were made by the addition of a I M-NaOH solution to a final concentration of o.i M-NaOH. In these experiments CsC1 was added to a final density of i'77 g/ml.
~, Fractions from neutral CsC1 gradients in the density range of free MDV DNA were pooled and further analysed in sedimentation velocity experiments. The sedimentation behaviour of these DNA fractions was studied in comparison to all-labelled DNA of phage T 4 0"4 × Io 4 ct/min/#g) on neutral lo to 3o'Yo glycerol gradients containing I MNaCl, 0.o2 M-tris-HC1 and o'ool m-EDTA, pH 8"o. Centrifugation was carried out in a Spinco SW 27 rotor at 25ooo rev/min and 21 °C for zoo min. Gradients were harvested from the bottom of the tube in i.o ml fractions. The 3H-radioactivity was determined in a sample of each fraction. M DV DNA was localized by the hybridization technique. Because the total amount of DNA in each fraction was small (io #g of DNA loaded on to one glycerol gradient), 5/zg of carrier DNA was added to each fraction. To determine the size distribution of the cellular DNA on such gradients cells were pre-labelled with o'25/zCi of methyl-14C-thymidine (53 mCi/mmol) per ml medium for 3 days. Hirt precipitation procedure. The precipitation procedure (Hirt, 1967) was used as described by Andersson-Anvret & Lindahl 0978). 2o x Io s cells were suspended in 8 ml of o'I3 M-NaC1, o.o~ M-sodium phosphate, pH 7"4 and lysed by addition of an equal vol. of p2% SDS, o.o~ M-tris-HC1, pH 8-0 and o.oI M-EDTA. Pre-incubated o'5% pronase was added to a final concentration of o.1% and the mixture was incubated at 37 °C for 4 h. After the solution had been chilled to o °C it was adjusted to I M-NaC1, 0-05 M-tris-HCl, pH 7"6 and incubated at o °C for 12 h. The mixture was centrifuged at ioooo rev/min in the type 87 ° rotor of the JECB-2o centrifuge for 45 min. The supernatant was dialysed against o-i M-tris-HCl, pH 8.o, o.ool M-EDTA and the precipitate was dissolved in Io to 2o ml of this buffer. Both solutions were purified by phenol extraction. After removal of the phenol, DNA samples 0o/zg) were alkali-denatured, subsequently fixed to membrane filters and hybridized to MDV a2p-cRNA. The DNA on each filter was determined by the diphznylamine reaction (Burton, 1956 ) after acid hydrolysis to correct the hybridization data to lo/,g of DNA per filter.
RESULTS

Equilibrium centrifugation of HPRS-l and MSB-I DNA in neutral CsCl
MDV DNA has a density of t.7o6 g/ml (Lee et al. I97I) and thus can be partly separated from the less dense host cellular DNA by isopycnic centrifugation in neutral CsC1 (Fig. I) .
The same centrifugation conditions were used for the fractionation of total DNA from * Number of virus genome equivalents per cell; this was estimated from a calibration curve constructed from the amount of hybridization of ~2p labelled cRNA to known amounts of (clean) pure virus DNA, assuming mol. wt. of 1.2 x xo 8 for MDV DNA (Lee et al. I97I) and I'7 x lo a2 for chicken cell DNA (Atkin et al. 1965) . the HPRS-t and MSB-I cell lines. The virus DNA load of these two cell lines is shown in Table ~ which also demonstrates that the a~P-MDV cRNA employed does not contain sequences complementary to chicken embryo fibroblast DNA. The density distribution of the MDV DNA sequences in CsC1 gradients of HPRS-I and MSB-I DNA was determined by hybridization of the DNA of each fraction to MDV a2P-cRNA. The results are shown in Fig. 2(a) and (b). MDV DNA in the HPRS-I line (Fig. 2a) does not exhibit a peak at the density position of free virus DNA (compare with Fig. l ), but follows in its density the distribution of the cellular DNA, whereas MDV DNA in the MSB-I line shows a peak in the density range of free virus DNA in addition to sequences following the distribution of the cellular DNA. Fractions at the peak position of cellular DNA in the HPRS-~ CsCI gradient (fraction 23 to 27 of Fig. 2a ) were combined and again centrifuged to equilibrium under identical conditions as before. In this re-banding experiment MDV DNA could not be shifted to a position where free virus DNA would band as shown in Fig. 3(a) . After shearing HPRS-I DNA to a moI. wt. of about 8 x io ~, some MDV DNA with a density similar to that of free virus DNA could be detected, but a large proportion of the virus DNA still remained associated to the cellular DNA as illustrated in Fig. 3(b) . 
Equilibrium centrifugation of HPRS-I DNA in alkaline CsCl gradients
The behaviour of free 3H-MDV DNA prepared from purified virus particles under alkaline conditions is shown in Fig. 4 . The virus DNA bands at the expected density and is partly separated from the cellular DNA. The same denaturing conditions (o.I M-NaOH) did not lead to a liberation of MDV DNA in the HPRS-I line. Fig. 5 
Sedimentation velocity experiments
To investigate the sedimentation properties of the MDV DNA component in the HPRS-I and MSB-~ cell line fractions in the density range of free virus DNA (fractions 2o to 22 in Fig. 2a and fractions 23 to 25 in Fig. 2b) , material from neutral CsC1 gradients was further analysed on glycerol gradients. Because only about l O #g of total DNA could be loaded on such a gradient, cellular DNA could only be detected when it was labelled in the growing cells in tissue culture. The sedimentation behaviour of cellular and virus DNA was studied in comparison to the sedimentation of 3H-phage T4 DNA, which has a sedimentation coefficient of 61.8S according to Freifelder 0970). Fig. 6(a) illustrates such a gradient of MSB-x DNA. The total DNA sediments slightly faster than T4 DNA with a sedimentation coefficient of 7oS. MDV DNA revealed by hybridization of the DNA of each fraction to MDV ~P-cRNA could be localized at the size position of the cellular DNA, but also in a second peak (58"5S) at the position of free virus DNA (Lee et al. I971) . Similar experiments were also performed with the HPRS-I line. The apparently integrated state of the virus DNA in this line is reflected by the same sedimentation properties of virus and cellular DNA (68S). No MDV DNA sequences sedimenting at the expected position of covalently closed circular DNA of virus genome length (too to I IOS) was detected in any of these experiments.
Hirt precipitation procedure
This method was used to achieve partial separation of integrated from non-integrated MDV DNA. Recently, this fractionation procedure has been applied to study the intracellular state of EBV DNA in human lymphoma lines (Andersson-Anvret & Lindahl, I978). Moreover, it has been clearly demonstrated that free herpes virus DNA can be separated from cellular DNA by this procedure Pater et al. I976) . In a control experiment, 15ooo ct/min of 3H-MDV DNA prepared from purified virions were added to the cell lysate. Under the fractionation conditions used here about 8o % of the added radioactivity stayed in the Hirt supernatant and 20 °/o appeared in the corresponding pellet. Applying this method to HPRS-I and MSB-~ DNA we could not observe any significant difference between the relative proportions of MDV DNA sequences in the 'Hirt supernatant' and the 'Hirt pellet' ( Table z) . Analysis of the intracellular state of the large herpesvirus DNA in tumour cells by the' Hirt method' does not seem sensitive enough to correlate the small difference observed in the distribution of MDV DNA between the HPRS-~ and MSB-I line to the presence of free virus DNA in the MSB-I line. In agreement with the CsC1 gradient experiments the results of the Hirt fractionation procedure suggest that the major part of the virus DNA in the MD cell line HPRS-I is present in an integrated form.
DISCUSSION
The intracellular state of herpesvirus DNA in tumour cells has been studied in detail in Epstein-Barr virus (EBV) induced malignancies (Nonoyama & Pagano, I972; Adams et al. r973; Tanaka & Nonoyama, 1974; Adams & Lindahl, I975; Kaschka-Dierich et al. 1976; Lindahl et al. 1976 ). In permanent cell lines established from Burkitt lymphomas as well as in non-propagated cells from fresh tumour material EBV DNA appeared to be present both in a non-integrated form and in an integrated form. By biochemical analysis and by electron microscopic examination the structure of the non-integrated EBV DNA was revealed to be that of a covalently closed circle (Lindahl et al. I976) . Thus, the intracellular form of EBV DNA in tumour cells was characterized as an episome.
Electron microscopic examination provided evidence that the DNA of another herpesvirus, herpesvirus saimiri (HVS), is present in a circular structure in HVS-transformed cells (Werner et al. 1977) . In contrast to EBV DNA circles in turnout cells, which have a tool. wt. identical to or slightly smaller than that of the linear DNA from the virion, circles of HVS DNA are about 25 % longer than the linear virus DNA molecules and have probably been formed by intermolecular recombination.
Analogous studies on the intracellular state of MDV DNA in MD tumour cells were hampered by the lack of permanent MD cell lines for a long time until the first two lines w~'re established (Akiyama & Kato, t973). Recently, Tanaka et al. (~978) presented biochemical evidence of circularization of MDV DNA in the permanent non-productive cell line MKT-I, but presented no data on visualization of episomes by electron microscopic examination.
The present study has shown that in two other permanent MD cell lines, HPRS-I and MSB-~, a large proportion of the MDV DNA is apparently integrated into the cellular DNA. A general problem in CsC1 density gradients is that a minor DNA fraction might be trapped in a viscous DNA fraction of different density. To exclude such artefacts, we included labelled Klebsiella pneumoniae DNA as a marker in analogous buoyant density experiments and obtained a sharp peak of this marker DNA at the expected density.
The alkali-stability of this association of MDV DNA with cell DNA leads to the assumption that the virus DNA is linearly inserted by covalent phosphodiester bonds into the host DNA (Doerfler I977) . Shearing of the cellular DNA to a low mol. wt. prior to CsCI equilibrium centrifugation shifted only a part of the virus DNA (about 30%) to the density region of free virus DNA, whereas a large proportion of the virus DNA remained associated with the cellular DNA. This experiment indicates that multiple fragments of virus DNA rather than the complete genome are integrated, as has been shown in adenovirus type 12 transformed hamster cells (Groneberg et al. ~977) -Further experiments are necessary to support this assumption.
Results of the described sedimentation velocity experiments and of the Hirt fractionation procedure provide additional evidence that integrated MDV DNA sequences are present in HPRS-L and MSB-I DNA. The low-producer state of MSB-~ cells is reflected by the presence of free virus DNA in this cell line, whereas HPRS-~ cells are devoid of any free virus DNA. Further, preliminary experiments indicate that MDV DNA present in another nonproductive MD cell line, RPL-~ (Nazerian et al. ~977) , is also largely integrated into the cellular DNA.
By the methods described and also by electron microscopic examination of appropriate gradient fractions, we could not detect MDV episomes. Certainly, our methods are not sensitive enough to exclude such virus DNA molecules, but we feel that the ratio of integrated to episomal virus DNA in permanent MD tumour cell lines is shifted towards integration, if episomes are present at all. It could well be, that use of in vivo tumours of MD chickens, especially in the early stages of turnout development, would more readily lead to the detection of episomes than examination of permanent cell lines, which are difficult to establish and may not have the same mode of virus persistence as tumour cells in vivo.
Whether integration of virus genomes into cellular DNA is the essential event for virusinduced malignant transformation of cells is not known. Integration of virus DNA has been shown to occur in a number of quite different situations. Thus, for instance, human lymphoblastoid cell lines derived from healthy individuals contain integrated EBV DNA sequences like Burkitt turnout cells . Other examples are the well-studied integration events in productively infected cells, e.g. in adenovirus infected KB cells (Fanning & Doerfler, 1977) . Chicken embryo fibroblasts lytically infected with HVT or MDV early after infection (zo h) contain free virus DNA, which becomes integrated in the further course of infection (C. Kaschka-Dierich & R. Thomsson, unpublished observations). Thus, virus integration is a general phenomenon not restricted to malignantly-transformed cells. The sites and patterns of integration of virus DNA are presently rather obscure in most virus-induced tumours, especially in those induced by the herpesviruses, but may be of decisive importance for the achievement of a transformed state.
